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Abstract 

Due to the very short life time of the A baryons, a direct mea- 
surement on the electromagnetic moments of these systems is almost 
impossible in the experiment and can only be done indirectly. Al- 
though only for the magnetic dipole moments of A'^^ and A+ systems 
there are some experimental data, the theoretical, phenomenological 
and lattice calculations could play crucial role. In present work, the 
magnetic dipole (ha) , electric quadrupole (Qa) and magnetic oc- 
tupole (Oa) moments of these baryons are computed within the light 
cone QCD sum rules. The results are compared with the predictions 
of the other phenomenological approaches, lattice QCD and existing 
experimental data. 

PACS: ll.55.Hx, 13.40.Em, 13.40. Gp, 14.20.-c 



*e-niail:el46342@metu.edu.tr 



1 Introduction 



Study of the electromagnetic properties of the baryons can give valuable 
information on their internal structure. Some of the main static electro- 
magnetic parameters of the A baryons are their magnetic dipole (/xa), elec- 
tric quadrupole (Qa) and magnetic octupole (Oa) moments. The A~'+'+'^'° 
baryons are the lowest and very well-known nucleon resonances. Because of 
their too short mean life time (~ 10^^^ s), there is almost no direct experi- 
mental information about their form factors and electromagnetic moments. 
An indirect measurement for the magnetic dipole moment of was accu- 
rately done from the radiative pion-nucleon scattering [1] (see [2j for experi- 
mental values of the magnetic dipole moment of A"'"^ obtained from various 
experiments). The magnetic moment of the A+ resonance has also been 
measured via 7P 71^^' P reaction in [3]. 

The magnetic dipole moments of these baryons have been studied in the 
framework of the various theoretical approaches. The radiative pion produc- 
tion on the nucleon (7A^ TcN'y') with the aim of the determination of the 
magnetic dipole moment of the A'^(1232) has been studied in the frame work 
of Chiral effective- field theory in [A]. The magnetic dipole moment for A 
baryons is calculated in the framework of the static quark model (SQM) [5], 
relativistic quark models (RQM) [6j, QCD sum rules (QCDSR) [71E|, Chiral 
quark-soliton models (ChQSM) [9], heavy baryon Chiral perturbation theory 
(HBChPT) [TO|[TT]. a phenomenological quark model (PQM) which nonstatic 
effects of pion exchange and orbital excitation are included [12] , Lattice QCD 
[131 [in [13 [IS] and Chiral effective-field theory [T7]. The magnetic dipole, 
electric quadrupole and magnetic octupole moments of these baryons is also 
calculated in [IS] in the spectator quark formalism based on a simple A wave 
function corresponding to a quark-diquark system in an S-state. In pjj, the 
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Quadrupole Moment of the A baryons are calculated in the frame work of 
the consistituent quark model. Recently, the octupole moments of the light 
decuplet baryons are reported in [20] within the non-covariant quark model. 

In the present work, we study the magnetic dipole, electric quadrupole 
and magnetic octupole moments of the A baryons in light cone QCD sum 
rules (LCSR) approach. Note that, by calculating the electromagnetic form 
factors, the electromagnetic dipole moments of the nucleons have been stud- 
ied in [21] in the same frame work. The paper contains 3 sections. In section 
2, the light cone QCD sum rules for the magnetic dipole, electric quadrupole 
and magnetic octupole moments are calculated. Section 3 is devoted to the 
numerical analysis of the sum rules, a comparison of our results with the 
predictions of the other approaches as well as the existing experimental data 
and also discussion. 

2 Light cone QCD sum rules for the magnetic 
dipole, electric quadrupole and magnetic 
octupole moments of the A baryons 

To calculate the magnetic dipole, electric quadrupole and magnetic octupole 
moments of the A baryons, we start considering the basic object in LCSR 
method (the correlation function), where hadrons are represented by the 
interpolating quark currents. 

T,. = ^j d'xe'P^{0 I T{r]^{x)n,m I 0)-,, (1) 

where t]^ is the interpolating current of the A baryons and 7 stands for the 
electromagnetic field. In QCD sum rules approach, this correlation function 
is calculated in two different languages: in the quark-gluon language (QCD 
or theoretical side), it describes a hadron as quarks and gluons interacting 
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in QCD vacuum. In the physical side, it is saturated by complete sets of 
hadrons with the same quantum numbers as their interpolating currents. 
The physical quantities, i.e., the electromagnetic form factors and multipole 
moments are calculated equating these two different representations of the 
correlation function. 

The physical or phenomenological side of the correlation function can 
be obtained inserting the complete sets of the hadronic states between the 
interpolating currents in Eq. ([1]) with the same quantum numbers as the A 
baryons, i.e., 

. <°l'^^l^fe)) (Afe) I A(p.)>, <^'?'l^l°> . (2) 

pi pf- m% 

where Pi = p + q., P2 = P and q is the momentum of the photon. The matrix 
element of the interpolating current between the vacuum and the baryon 
state is defined as 

(Oh^(0)|A(p,s)) = AAM^(p,s), (3) 

where Aa is the residue and u^{j), s) is the Rarita-Schwinger spinor. The 
matrix element (A(p2) | A(pi))^ entering Eq. ([2]) can be parameterized in 
terms of some form factors as flU |23l [2l] : 

1 r„ , ^ " 



(2mA)2_ 



(4) 



where e is the polarization vector of the photon and Fi are the form factors 
as functions of q^ = (pi — ^2)^- In obtaining the expression for the correlation 
function, summation over spins of the A particles is performed using 

^u,ip,s)uAp,s) = ^^^^{-^.^ + 37.7.-^ ^^^}. (5) 



In deriving the expression for the phenomenological side of the correlation 
function appear two problems (see also |22]): 1) all Lorentz structures are 
not independent, 2) not only spin 3/2, but spin 1/2 states also contribute to 
the correlator, which should be eliminated. Indeed, the matrix element of the 
current between vacuum and spin 1/2 states is nonzero and is determined 
as 

(0 I 77^(0) I B{p, s = 1/2)) = [Ap^ + B^^)u{p, s = 1/2). (6) 
Imposing the condition 7^77^ = 0, one can immediately obtain that B = 

To remove the spin 1/2 contribution and obtain only independent struc- 
tures in the correlation function, we order Dirac matrices in a specific form. 
For this aim, we choose the ordering for Dirac matrices as 7^ ^ ^ ^71^. With 
this ordering for the correlator, we obtain 



Tiiu — — 
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^"^ ^ipl-ml){pl-ml^ 

+ {^■P)9t,u i + ^r-^{e.p)q^qy ^F^ 

+ - — T{^-P)Q^i1y + other independent structures 
+ structures with 7^at the beginning and7y at the end 
or which are proportional to P2^0T pu 



2m^{e.p)g^yFi 



(7) 



The magnetic dipole {Gmiff)), electric quadrupole {GQ^q^)) and magnetic 
octupole {Go{q^)) form factors are defined in terms of the form factors Fi{q^) 
in the following way 



Gm{q') = [F,{q') + F2{q')]{l + ^T)-^[F,{q') + F,{q')]T{l + r) 

GQ{q') = - TF^iq')] - \ [F,iq') - rF.iq')] (1 + r) 

Goiq') = [F^iq') + F2{q')]-^[Fs{q') + F,{q')]il + r), (8) 

4 
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where r = "4^- At — 0, the multipole form factors are obtained in 
terms of the functions -Fi(O) as: 

Gm{^) = Fi(0)+F2(0) 

Gq(0) = Fi(0)- 1^3(0) 

GoW = Fi(0) + F2(0)-^[F3(0) + F4(0)]. (9) 

The static magnetic dipolc (/xa), electric quadrupolc (Qa) and magnetic 
octupole (Oa) moments in their natural magneton are defined in the following 
way: 

g 

Qa = -^G'q(O) 



The theoretical part of the correlation function can be calculated in light 
cone QCD sum rules via the operator product expansion (OPE) in deep 
Euclidean region where ^ and (p + g)^ ^ in terms of the photon 
distribution amplitudes (DA's). To calculate the correlation function from 
theoretical or QCD side, the explicit expressions of the interpolating currents 
of the A baryons are needed. The interpolating current for A"*" is chosen as 

1 
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where C is the charge conjugation operator and a, b and c are color indices. 
Here we should mention that in the present work, first we calculate the 
correlation function for A+ then with the help of the relations which we will 
present next, the correlators of A^, A++ and A° will be obtained using the 
correlation function of the A"*" . After contracting out the quark pairs in Eq. 
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([T]) by the help of the Wick's theorem, we obtain the following expression for 
the correlation function in terms of the quark propagators 

+ ASfluST'l.Sf +Tr{^,ST'luST')ST' 

- Tr{^,Sf^X^')Sf - 4Tr(7,5f' 7.5f >f } | 0), (12) 

where S' = CS^C and Su4 are the full light quark propagators, which their 
explicit expressions can be found in [26l (see also [221 EH])- To calculate 
the above correlation function, we follow the same procedure as stated in 
[221 l28] and use the photon distribution amplitudes (DA's) calculated in 
[29j . For convenience, we present those DA's in the appendix-A. 

Using the expressions of the full light propagator and the photon DA's and 
separating the coefficient of the structures {e.p)g^^, {e.p)g^i, ^ ^, {e.p)q^qy ^ 
and {e.p)q^qu /i for the Fi, F2, F3 and F4, respectively, the expressions of 
the correlation function from the QCD side are obtained. Separating the 
coefficient of the same structures from phenomenological part and equating 
these representations of the correlator, sum rules for the Fi functions are 
obtained. In order to suppress the contribution of the higher states and 
continuum, Borel transformation with respect to the variables p\ = and 
Pi = (p + ?)^ is applied. The explicit expressions for are given in the 
appendix-B. 

At the end of this section, we would like to present some relations between 
the correlation functions. Our calculations show that the coefficient of any 
structure in the correlation function of the A"*" can be written in the form 

= -\{2eu + ea)n{u,d), 
o 

(13) 



6 



where the function 7i(-u, d) depends on the masses and condensates of the 
u and d quarks and it is independent of the charge of the quarks. Our 
calculations indicate that the 11^ can be obtained from the 11^^ by the 
following replacements: 

= U^\d^u) = -l{2ed + e^)n{d,u), 

D 

^A- _ U^^{u-^d) = --edn{d,d), (14) 

2 

We consider the massless quarks, = = 0, and exact SU(2) flavor 
symmetry implying (uu) = (dd). Under exact SU{2) flavor symmetry, 
H{u,d) = H{d,u) = H{u,u) = T-C{d,d) = Ti and the following relations 
are obtained (see also [S]): 

= -^(2e, + ejH, 
o 

n^" = —eM, (15) 

From above equation, by substituting the charge of the u and d quarks, 
the following exact relations between theoretical parts of the correlator of A 
baryons are derived: 

2 

n^" = (16) 
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3 Numerical analysis 



Present section encompasses the numerical analysis for the, magnetic dipole, 
electric quadrupole and magnetic octupole moments of the A baryons. The 
values for input parameters used in the analysis of the sum rules for the 
Fi, F2, F3 and F4 are : {uu){l GeV) = {dd){l GeV) = -(0.243)3 GeV\ 
6(1 GeV) = 0.8{uu){l GeV), ml{l GeV) = (0.8 ± 0.2) GeV^ [30] and /g^ = 
—0.0039 GeV^ [29j. The value of the magnetic susceptibility was obtained 
in various papers as x(l GeV) = -3.15 ± 0.3 GeV'"^ [29j, x(l GeV) = 
-(2.85 ± 0.5) GeV-^ [31] and x(l GeV) = -4.4 GeV-^[32\. The residue 
Aa determined from mass sum rules and is taken to be Aa = 0.038 GeV^ 
[H [331 El]- From sum rules for the Fi, F2, F3 and F4, it follows that the 
photon DA's are also needed [29J. Their explicit expressions are also given 
in the appendix-A. 

The sum rules for the magnetic dipole, electric quadrupole and magnetic 
octupole moments also contain two auxiliary parameters: Borel mass pa- 
rameter and continuum threshold sq. The physical quantities, i.e., mag- 
netic dipole, electric quadrupole and magnetic octupole moments, should 
be independent of these parameters. The working region for is de- 
termined requiring that the contributions of the higher states and contin- 
uum are effectively suppressed. This condition is satisfied in the region 
1 GeV^ <M^ < 1.5 GeV\ 

The dependency of the magnetic dipole moment /ia, electric quadrupole 
Qa and magnetic octupole Oa moments on Borel parameter are pre- 
sented in Figs. 1-3 at fixed value of the continuum threshold Sq = 4 GeV^. 
The magnetic dipole moment is presented in its natural magneton {efi/2mAc) 
while the electric quadrupole (Qa) and magnetic octupole (Oa) moments are 
shown in fm^ and fm^, respectively. The conversion coefficient from the nat- 
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Figure 1: The dependence of the magnetic dipole moment /ia in its natu- 
ral magneton on the Borel parameter at fixed value of the continuum 
threshold Sq ■ 
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Figure 2: The dependence of the electric quadrupole Qa in on the Borel 
parameter at fixed value of the continuum threshold sq = 4 GeV'^. 
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Figure 3: The same as Fig. 4, but for the magnetic octupole Oa in fm^. 

ural magneton unit to the nucleon magneton is Note that, our results 
are practically the same in the interval sq = (3.8 — 4.2) GeV^ for continuum 
threshold. These figures present a good stability with respect to the Borel 
mass parameter. We should also mention that our results practically don't 
change considering three values of the x as presented at the beginning of this 
section. 

Our final results on the magnetic dipole moment /xa for A baryons are 
presented in Table 1. The quoted errors for the values are due to the uncer- 
tainties in the determination of the input parameters, the variation of as 
well as the systematic errors in QCD sum rules approach. For comparison, 
the predictions of other theoretical approaches, lattice QCD as well as the 
experiment are also presented. From this Table, we see a good consistency 
among the various approaches especially when we consider the errors except 
the lattice QCD prediction [15] for magnetic moment of A+. 

We also depict the results of the electric quadrupole Qa and magnetic 
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A- 


A + 

Z_i 


A++ 

Z_i 


Z_i 


present work 


—3.17 ± 0.85 


1 MOP' 

3.17 ± 0.85 


6.34 ± 1.70 





Exp.[3J 




3.54_i;7 ± 1.96 ± 3.93 






Exp.[2J 






7.34 ± 2.49 




SQM[5J 


-3.65 


3.65 


7.31 





RQM[6J 


-3.12 


3.12 


6.24 





QCDSR[7J 


—2.88 ± 0.52 


2.88 ± 0.52 


5.76 ± 1.05 







—2.71 ± 0.85 


2.71 ± 0.85 


5.41 ± 1.70 





ChQSM[9j 


-3.69 


3.48 


7.06 


-0.10 


HBChPTilOj 


-2.95 ±0.33 


2.75 ±0.26 


6.24 ±0.52 


-0.22 ±0.05 


PQM[12J 




3.72 


8.10 




Lattice[13j 


-3.22 ±0.41 


3.22 ±0.41 


6.43 ±0.80 





Lattice[Tl] 


-3.22 ±0.35 


3.26 ±0.35 


6.54 ±0.73 


0.079 


Lattice|15j 


-3.90 ±0.25 


1.27±0.10 


6.86 ±0.24 


-0.046 ± 0.003 


Lattice[16j 




3.04 ±0.21 






Spectator [18j 


-3.54 


3.29 


6.71 


-0.12 



Table 1: Comparison of the magnetic dipole moment /xa in units of its nat- 
ural magneton for different approaches like static quark model (SQM) [5], 
relativistic quark models (RQM) [6j, QCD sum rules (QCDSR) [71 18], Chiral 
quark-soliton models (ChQSM) [9], heavy baryon Chiral perturbation theory 
(HBChPT) [lOj, a phenomenological quark model (PQM) which nonstatic ef- 
fects of pion exchange and orbital excitation are included [12] , Lattice QCD 
[T3l [HI [151 [16] and experiment [21 [3]. The presented experimental value for 
A^^ is the average of sum data from [2] . 

octupole Oa moments in Table 2. In comparison, the results of the other 
approaches are also presented. From this Table, we see that the values 
for the electric quadrupole and magnetic octupole moments are very small 
in comparison with the magnetic dipole moment. Our results on electric 
quadrupole moments are consistent with the predictions of the constituent 
quark model with configuration mixing but no exchange currents (impulse 
approximation) [T^ in order of magnitude, but about one order of magni- 
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A- 


A+ 


A++ 


A" 


Q A (present work) 


0.014 ±0.004 


-0.014 ±0.004 


-0.028 ±0.008 





















0.032 


-0.032 


-0.064 







0.119 


-0.119 


-0.238 





A (present work) 


0.003 ±0.001 


-0.003 ±0.001 


-0.006 ±0.002 





Oa[18J 














OaM 


0.012 


-0.012 


-0.024 






Table 2: Results for the electric quadrupole Qa in fm^ and magnetic oc- 
tupole Oa moments in fm^ in different approaches: LCSR(present work), 
spectator quark model(|TBj|), constituent quark model with configuration 
mixing but no exchange currents (impulse approximation), constituent quark 
model with exchange currents but no configuration mixing [19] and non- 
covariant quark model [20] . 

tude smaller than the predictions of constituent quark model with exchange 
currents but no configuration mixing [T9j. The [18] predicts no electric 
quadrupole and magnetic octupole moments for A baryons. Our results 
on the magnetic octupole moments for these baryons are about four times 
smaller than the predictions of the non-covariant quark model [20] . The neg- 
ative sign in the value of the quadrupole and octupole moments of A+ shows 
that the quadrupole and octupole distributions are oblate and have the same 
geometric shape as the charge distribution. 

In conclusion, due to the very short life time, a direct measurement on 
the electromagnetic moments of A systems is almost not possible in the ex- 
periment and can only be done indirectly in a three-step process, where they 
are created, emit a low-energy photon and then decay. Although only for 
A+ and A++ systems there are some data, the theoretical, phenomenological 
and lattice calculations could play very important role. In present work, we 
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computed the magnetic dipole, electric quadrupole and magnetic octupole 
moments of these baryons in the framework of the hght cone QCD sum rules 
and compared their results with the predictions of the other phenomenologi- 
cal models, lattice QCD as well as the existing experimental data. The results 
depict that the electric quadrupole and magnetic octupole moments are very 
small in comparison with the magnetic dipole moment of these baryons. 
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Appendix A 



The matrix elements used in the calculations are given in terms of the photon 
distribution amplitudes (DA's) as follows [29] : 



(7(g)|g(x)(T^^g(0)|0) = -ieqqq{ef,q^ - e^q^) J due''"'^ yXVyiu) + -^H^: 



ex\ / exV '"^ 

Xi/ I qri I Xn I ^1/ qi/ I 

* qx J \ qx J 



2{qx) 

liqMxh.qmO) = e,h, (e, - q,-\ f due'^^^r{n) 

\ QX J Jq 



l{q)\q{x)gsG^,{vx)qm^) = -ie,{qq) {e,,q, - e,q^) j Pa,e^("^-+^-«)«-'5(a,) 
l{qmx)gsG^,t^^{vx)qmQ) = -te,{qq) {e^q, - e,q^) J Da,e^("'+''"«)'?^5(a,) 
liqMx)gsG^,{vx)-f^-f5qi0m = eJs-yQaief.qu - s.q^) j P«,e*("'-+""«)^M(«,) 
-f{qMx)gsG,,{vx)ijo.qmO) = e,h,q^{e^q, - e^q,) j Pa,e^("^-+''"«)''^V(a,) 
liq)\q{x)(TapgsG^u{vx)q{0)\0) = eg{qq) I (e^ - q^,— ) (g^u - —{qaXu + quXo 

L L V qx / \ qx 

- (^Su - (^9afi - -^{qocX^ + qiJixS^ q/3 

£a-qa—] (guf3 - —{quXp + qpXu)] q^ 
, qxj \ qx J 
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ex 
qx 



+ — {q,x,-q,x,){e^qp-epq^) I Va,e'^^'^+^''^^'^^%{a,) 
qx J 

+ —iqaXf3 - qpx^){e,q. - e,q,) [ I)a,e*("'-+'^"^)^^T4(a,)| , (A.l) 
qx J J 

where, x is the magnetic susceptibihty of the quarks, (p-yi^u) is the leading 
twist 2, tp^{u), tp°'{u), A and V are the twist 3 and h^{u), A, 7^ (z = 1, 2, 3, 4) 
are the twist 4 photon DA's, respectively. The measure Vat is defined as 



/Vai = / daq / daq / dag6{l — aq — aq — ag). 
Jo Jo Jo 



(A2) 



The explicit expressions of the photon distribution amplitudes (DA's) 
with different twists are [29l: 



iPj{u) = Quu ^1 + (p2{l^)C2 (m — m) j 



3 

ip^iu) = 3 (3(2u - 1)2 - l) + — (I5w^ - 5w^) (3 - 30(2m - 1)^ + 35(2m - 
r{u) = (l-(2«-l)2)(5(2.-l)2-l)^(l + ^<-A^,^), 

A{ai) = 360aqaqa'^g ^1 + w^^{7ag - 3) 

V{ai) = 540w^(ag - aq)aqaqal, 
h^{u) = -10{1 + 2k^)cI{u-u), 
A{u) = AOu^u'^ {3k - k+ + 1) 

+8(C2+ - 3C2) [uu{2 + 13mm) 

+ 2^3(10 - 15m + 6^2) ln(M) + 2m=^(10 - 15m + 6u^) ln{u)] , 
Tiio^i) = -120(3(2 + C^)(ag - ttg)agagag, 

r2(a,) = 30a2(a,--a,)((/s:-/c+) + (Ci-O(l-2a,) + C2(3-4a,)) 
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%{ai) = -120(3(2 - C^)(ttg - 

%{ai) = 30aJ(a5-a,)((fi: + /c+) + (Ci + Ci+)(l-2ag)+C2(3-4a,)) 
S{ai) = 30al{{K + ^+){l-ag) + {Ci + C+){l-ag){l-2ag) 



+ C2[3{ag - aqf - ag{l - ag)]}, 

S{ai) = -30aJ{(K-K+)(l-aJ + (Ci-Ci')(l-«g)(l-2aJ 
+ C2[3{aq - aqf - ag{l - ag)]}. 



The constants appearing in the above wave functions are given as 
(^2(1 GeV) = 0, w}:^ = 3.8 ± 1.8, = -2.1 ± 1.0, k = 0.2, k+ = 0, 
Ci = 0.4, C2 = 0.3, Ci+ = and C2+ = 0. 



Appendix B 

In this appendix, we present the exphcit expressions for the functions, -Fi(O), 
F2(0), F3(0) and ^4(0). 

M2[12Ei(x)M2 - 5Eoix)ml] 



277r2 



81 



+ {uu) 
2 



M^[3Ei{x)M\8 - 15Ci) - 10Eo{x)ml] 



81 



277r2 

M5AEoix)M^ - 15ml}riuo) 



Gd < {dd) 



+ {uu) 



M^[12Ei{x)M^ - 5Eo{x] 



rrin 



277r2 



- -M5AEo{x)M^ - 15ml}r{uo) 

oi 



5Ei(x)M^Ci 
12^^2 



(5.1) 



F2{q' = 0) 



5ml - 10£'o(x)M2 
216772 
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+ 



/37 



324M2 



+ {uu) 



{llm^-36M^}^"(Mo) 



[hml + 6£;o(x)M'(-3 + 27^3 + 67^4 - 87/5 + 27^6 - - 



2167r2 



- 2r]g + 4r]w + 24(3) - 9Eo{x)M^A{uo + 12Ei{x)M\^^{uo)] 



+ 



/37 



324M2 



{11ml - SGM^IV'^M 



+ I (mm) 

/37 



+ 



324M2 



5ml - 18^o(a;)M2 
2167r2 

{11771^ - 36M2}V^"(mo) 



M2 



1447r2 



[4^0 (a;) (% + 37/4 - 47^5 + 7]6 - 2777 - 47/8 



779 + 27710 + I2C3) - 3Eo{x)M^A{uo + 4:Ei{x)M\ip^{uo)] + 



{B.2) 



-^al? =0) = r^e^ I e, V 



X2 



+ 



h^Eoix)M' 



187r2 



127r4 



IO771 - 87711 - 8772 + 4(2(1 - 2uo) - ^"{uo) 



4 



81M4 



{uu){{uu) + {dd)) 



WmlCs + 6M2(6C3 + 3^1 + 4^2 - 6) 



-E^{x)M\uo - l)uo 



247r4 



+ 



h^Eo{x)M^ 
367r2 



81M4 



{uu){dd) 



107/1 - 87/11 - 87/2 + 4(2(1 - 2uo) - 

■ 10771^(3 + 6M2(6C3 + 3^1 + 45 - ^e) 



(5.3) 



p . 2 ^"'^^ 4 / -Ei{x)M\uo - l)ul 



X2 



+ 



h^E,{x)M^ 
187r2 



Stt^ 



8(7711 + 772) - 12(2^*0 + 8^0(771 - 37711 - 772 + C2) 
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+ {uo - 2)mo^"(mo) 
4 



81M4 



uu){{uu) + {dd)) 



- lOmluoCs + 12M'(1 + SuoCs + 6 - 6) 



+ ed 



-Er{x)M\uo-l)ul 



+ 



h,Eo{x)M'- 



2 r 



367r2 

+ {uo - 2)mo'0"(mo) 
4 



8(r^ii + r}2) - 12-^0(2 + 8-^0(^1 - 3?7ii - 772 + C2) 



{uu) {dd) 



lOm^MoCs - 12M2(3moC3 + 6 - 6) 



81M4 

where, the functions entering the above equations are given as 
m = J Vui J dvfi{ai)S{aq + vag - Uo), 



Ci 

En{x) 



duhi{u), 



uo 



k=0 



{B.5) 



and fi{ai) = A{ai), f2{ai) = vA{ai), fs{ai) = S{ai), f4{ai) = ^(0;^), 
fbioii) = ^^^(aj), /6(Q;j) = g2{ai) = '^^(ai), ^(ai) = ^^'72(a^), /8(ai) = 
v7i(Q;i), /9(Q;i) = gsiai) = ^^(aj), /io(Q;i) = v%{ai), fu{ai) = ^;V(Q;i), 
gi{ai) — Ti{ai), hi{u) — h^{u), h2{u) — il)'"{u) and /i3(u) — {u — uo)hj{u) 
are the photon distribution amphtudes. Note that, in the above equations. 



X = Sq/M"^, V = 1 — v and the Borel parameter is defined as 



and -Uo = m^+aP • Since the masses of the initial and final baryons are the 
same, we will set = M| and uq = 1/2. 



(5.4) 
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